megarads per second and a pulse length of 30 nanoseconds, the average dose per pulse is sufficiently low to prevent any deleterious effect on process efficiency because of radical-radical recombination reactions. During each post-pulse period, the radicals are utilized in the oxidation of NO, and SO2 in a timescale of around 200 microseconds; thus, with pulse frequencies of around 5 kilohertz or less, the radical concentrations remain sufficiently low to prevent any significant competition between radical-pollutant and radical-radical reactions. The main conclusion is that a pulsed electron beam reactor, operating with a dose rate of 2x105 megarad per second, pulse length of 30 ns and pulse repetition rate of up to around 5 kHz, will have the same plasma chemistry efficiency as an electron beam reactor operating with a very low dose rate in continuous mode.
INTROD UCTlON
Electron beam dry scrubbing is a technique for removing in a single step both SO2 and NO, from the off-gas generated by utilities burning high sulfur coal. The use of pulsed electron beams may provide the most cost-effective solution to the implementation of this technique. This paper studies the plasma-chemical kinetics of electron beam assisted removal of SO2 and NO, in flue gas streams under pulsed conditions. The main objective is to determine if the proposed combinations of dose rate, pulse length and pulse repetition rate would have any deleterious effect on the utilization of radicals for pollutant removal.
RESULTS AND DISCUSSION
The OH radical plays the key role in the simultaneous removal of NO, and SOZ The important primary radical-pollutant reactions that consume OH radicals are:
followed by the production of the strongly oxidizing radical H e :
Reaction (2) also induces the formation of sulfuric acid products:
The OH radical is regenerated while simultaneously oxidizing NO This sequence of reactions simultaneously oxidize NO and SO2 while regenerating the OH radical. This is the reason why this technique is particularly efficient for offgases generated by utilities burning high sulfur coal. Another OH radical could induce the formation of nitric acid products:
Under high dose rate conditions, it is possible that radical-radical reactions may occur that would consume the OH radicals and/or produce NO. One reaction could consume OH and produce NO:
Another reaction depletes the two important oxidizing radicals OH and H$:
There is a reaction that depletes H02, gives back OH, but produces NO.
And then there is a reaction that depletes two OH radicals and gives back only one of the less effective oxidizing radical 0 OH + OH + H20 + 0 (9) Table I shows the effective two-body rate constants (in units of cm3 per molecule-second) for some of the more important radical-pollutant and radicalradical reactions. It is clear from the rate constant values that if the concentration of radicals is too high relative to the concentration of the pollutant molecules, then loss of radicals via radical-radical recombination would become deleterious to the efficiency of the process. Such a condition could exist if the rate of production of radicals is high because of excessive electron beam dose rates.
In addition to the rate constants, one needs to know the concentrations of the radicals in order to determine their rate of loss or utilization. The radical production rates are determined by a set of electron-impact reactions representing the excitation, dissociation and ionization of the background gas molecules by the electron beam.
The initial gas concentrations used in the calculations consisted of 200 ppm NO, 50 pprn NO2, 3000 ppm SO2,32!50 ppm NH3, 5% 02,10% C02,15% H20 and balance N2.
The calculations followed the evolution of 89 species. In addition to the 24 electronimpact reactions, there are 1129 reactions included in the plasma chemistry calculations. The electron beam parameters used in the calculations are shown in Table II. The average dose per pulse is the important parameter that determines the maximum concentration of radicals produced during each pulse. As shown in Table   II , the average dose is only 6000 rads per pulse. Note that the length of each pulse is much shorter compared to the time interval between pulses. Whether the radicals are completely utilized between pulses is determined by the pulse repetition rate. The maximum concentration of radicals formed per pulse during electron beam irradiation with an average dose of 6000 rad per pulse is shown in Table III .
Note that the maximum concentration per pulse is around, or less than, 1 ppm. The rate constants, pollutant concentrations, and radical concentrations can be used together to get a rough estimate of the radical utilization and destruction rates for radical-pollutant and radical-radical reactions. These radical utilization and destruction rates are shown in Table IV . Note that the rates for radical-pollutant reactions are much greater than the rates for radical-radical recombination reactions. Table IV . Radical utilization and destruction rates for some radical-pollutant and radical-r adical reactions. The evolution of the concentration of radicals during a single pulse is shown in Figure 1 . Note that the most important oxidizing radicals, OH and H a , are consumed by radical-pollutant reactions in 200 microseconds or less. Thus, for pulse repetition rates of up to around 5 kHz, the concentration of these radicals remain sufficiently low to prevent any significant loss due to radical-radical recombination reactions. Figure 2 shows the evolution of the concentration of NO. The NO concentration reaches a quasi-steady-state value before each next pulse. The amount of NO oxidation after each pulse is approximately the same for a dose rate of 2x105 Mrad/s, pulse length of 30 ns, repetition rate of 6667 Hz, and a dose rate of 2x103 Mrad/s, pulse length of 3000 ns and repetition rate of 67 Hz. The oxidizing radicals are utilized effectively in both cases. For the case of 2x105 Mrad/s, 30 ns pulse, and 6667 Hz rep-rate, a small degradation in removal efficiency is evident after many pulses because the oxidation process is not completely finished, before each next pulse. This degradation however is small and can be prevented completely by reducing the pulse repetition rate to 5 kHz or less.
CONCLUSIONS
The main conclusion of this study is that a pulsed electron beam reactor, operating with a dose rate of 2x105 Mrad/s, pulse length of 30 ns and pulse repetition rate of up to around 5 kHi, will have the same effiaency for the simultaneous removal of NO, and SO;! as an electron beam reactor operating with a very low dose rate in continuous mode. 
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